Many people in our modern civilized society sleep later on free days compared to work days. This discrepancy in sleep timing will lead to so-called 'social jetlag' on work days with negative consequences for performance and health. Light therapy in the morning is often proposed as the most effective method to advance the circadian rhythm and sleep phase. However, most studies focus on direct effects on the circadian system and not on posttreatment effects on sleep phase and sleep integrity. In this placebo-controlled home study we investigated if blue light, rather than amber light therapy, can phase shift the sleep phase along with the circadian rhythm with preservation of sleep integrity and performance. We selected 42 participants who suffered from 'social jetlag' on workdays. Participants were randomly assigned to either high-intensity blue light exposure or amber light exposure (placebo) with similar photopic illuminance. The protocol consisted of 14 baseline days without sleep restrictions, 9 treatment days with either 30-min blue light pulses or 30-min amber light pulses in the morning along with a sleep advancing scheme and 7 posttreatment days without sleep restrictions. Melatonin samples were taken at days 1, 7, 14 (baseline), day 23 (effect treatment), and day 30 (posttreatment). Light exposure was recorded continuously. Sleep was monitored through actigraphy. Performance was measured with a reaction time task. As expected, the phase advance of the melatonin rhythm from day 14 to day 23 was significantly larger in the blue light exposure group, compared to the amber light group (84 min ± 51 (SD) and 48 min ± 47 (SD) respectively; t 36 = 2.23, p < 0.05). Wake-up time during the posttreatment days was slightly earlier compared to baseline in the blue light group compared to slightly later in the amber light group (-21 min ± 33 (SD) and +12 min ± 33 (SD) respectively; F 1,35 = 9.20, p < 0.01). The number of sleep bouts was significantly higher in the amber light group compared to the blue light group during sleep in the treatment period (F 1,32 = 4.40, p < 0.05). Performance was significantly worse compared to baseline at all times during (F 1,13 = 10.1, p < 0.01) and after amber light treat-
Sleeping out of phase with the external light-dark cycle, especially sleeping later, has become a common habit in our civilized society. Despite the fact that workdays and school days typically start early in the day, many people go to bed late and try to compensate for the sleep deficit by extending their sleep on free days. From a large database of 55,000 people, it was indeed calculated that the average wake-up time on free days was 2 hours later than on workdays (Roenneberg et al. 2007 ). In addition, a recent analysis of a Dutch survey on sleep habits found that 74% of the adult population sleeps later on free days than on workdays (n = 8074; Gordijn, unpublished data, 2006) . As a result of the discrepancy in sleep timing on workdays and free days, many adults experience a so-called weekly "social jetlag" (Wittman et al., 2006) .
As with a "normal" jetlag resulting from traveling to different time zones, sleeping at the wrong internal phase can disturb bodily rhythms (Rajaratnam & Arendt, 2001; Rüger & Scheer, 2009; Baron & Reid, 2014) . This may lead to stress and health problems. Indeed, correlational studies have indicated that if the amount of social jetlag is higher, people have a higher risk of living an unhealthy lifestyle, being overweight, and experiencing stress-related problems and even depression (Wittman et al., 2006 (Wittman et al., , 2010 Roenneberg et al., 2012; Merikanto et al., 2013; Touitou, 2013) . Furthermore, people with a late sleep phase are highly represented in the population (for 60%, the midpoint of sleep on free days is at 0430 h or later; Roenneberg et al., 2007) , and they have a higher chance for a larger social jetlag (Wittman et al., 2006) . A large number of people in the population may therefore benefit from a correction of their timing of sleep.
Light therapy in the morning is often proposed as the most effective method to advance a late sleep phase (Barion & Zee, 2007; Morgenthaler et al., 2007; Bjorvatn & Pallesen, 2009) . Indeed, in a clinical setting, light exposure in the morning has been shown to be effective in advancing circadian rhythms of patients with delayed sleep-wake phase disorder (DSPD). Home therapy studies for the treatment of DSPD used light exposure of 2 h in the very early morning (Rosenthal et al., 1990) or directly after habitual wake up (Lack et al., 2007) . More recent DSPD therapy studies examined the effect of shorter light pulses (30 min to 2 h, Gradisar et al., 2011; 30 to 45 min, Saxvig et al., 2014) , starting directly after waking up, along with a sleep-advancing protocol with strict sleep schedules. Light therapy itself does not always seem to be crucial for the therapeutic effect: a recent study found that even a sleep-advancing protocol alone can phase advance the circadian rhythm of late sleepers (Sharkey et al., 2011) .
The experimental setup to test morning light therapy is highly variable in the aforementioned DSPD studies and not well studied in late chronotypes in general. Furthermore, there is no generally accepted optimal protocol that can be applied at home (reviewed in Schroeder & Colwell, 2013) . Another issue is the lack of studies with good control conditions, since placebo lamps do not really exist. Last but not least, although the goal of light therapy in late chronotypes is to shift sleep and improve daytime functioning, the focus of most studies has been on shifting melatonin as an output marker. The posttreatment effect on sleep phase itself has hardly been studied, and daytime functioning after light treatment has hardly been reported.
The rationale of using light therapy to shift sleep is based on the theory that it can influence the synchronization of sleep by adjusting process C of the "2-process model" of sleep regulation (Borbély, 1982; Daan et al., 1984) . In humans and many other organisms, process C is highly controlled by the central master clock in the brain, the suprachiasmatic nucleus (SCN; reviewed in Moore, 2007) . There is accumulating evidence that light at least influences process C as the SCN is predominately synchronized by light (reviewed in Schwartz, 2003, and in Moore, 2007) .
Phase shifts of the SCN can be approached by measuring shifts of physiological circadian rhythms, of which the shift of melatonin onset measured in very low light intensities <10 lux (dim light melatonin onset [DLMO] ) is currently known as the most reliable marker (Lewy and Sack, 1989; Lewy et al., 1999; Klerman et al., 2002; Revell et al., 2005b; Arendt, 2005; ment (F 1,13 = 17.1, p < 0.01) , while only in the morning during posttreatment in the blue light condition (F 1,10 = 9.8, p < 0.05) . The data support the conclusion that blue light was able to compensate for the sleep integrity reduction and to a large extent for the performance decrement that was observed in the amber light condition, both probably as a consequence of the advancing sleep schedule. This study shows that blue light therapy in the morning, applied in a home setting, supports a sleep advancing protocol by phase advancing the circadian rhythm as well as sleep timing.
Keywords blue light, light therapy, sleep, performance, circadian system, melatonin, human Van Someren & Nagtegaal, 2007; Benloucif et al., 2008) . Many studies have found that light in the morning induces a phase advance of DLMO (Dijk et al., 1989; Buresova et al., 1991; Samková et al., 1997; Gordijn et al., 1999; Danilenko et al., 2000; Revell et al., 2005a) whereas light in the evening induces a phase delay (Kräuchi et al., 1997; Gordijn et al., 1999; Zeitzer et al., 2000; Gronfier et al., 2004) . These time-dependent effects of light are summarized in a phaseresponse curve (PRC) as extensively analyzed in rodents by Daan and Pittendrigh (1976) . PRC studies have found an optimum for the phase-advancing effects of long and short (blue) light pulses when starting the light exposure 9 h after DLMO (Khalsa et al., 2003; St. Hilaire et al., 2012; Rüger et al., 2013) . It has also been shown that the beginning of a light pulse is most important for the phase-advancing effect (Beersma et al., 2009) , which supports the idea that light pulses given approximately 9 h after DLMO will be effective in phase-advancing circadian rhythms.
Besides the timing of light exposure, there are other important factors that influence the effectiveness of light on the SCN. Important factors are intensity (Zeitzer et al., 2005) , spectral composition (Berson et al., 2002; Lockley et al., 2003) , and duration (Chang et al., 2012) of the light exposure. To optimize the final treatment success (and thereby the compliance to light therapy), it is important to find the optimal combination of these factors.
We tested the effect of duration in a pilot study (Geerdink et al., 2012) , and we found that high-intensity short blue light pulses of 30 min timed 9 h after DLMO on 3 consecutive days were able to advance the melatonin rhythm by 50 min. Importantly, we found that the effect on the melatonin rhythm of those three 30-min blue light pulses was not significantly different from the effect of three 60-min blue light pulses. Therefore, we concluded that we could use these short 30-min highintensity blue light pulses to phase advance the circadian rhythm in a home-setting protocol.
To test if short 30-min high-intensity blue light pulses cannot only be used for phase advancing the melatonin rhythm but also for treating a late sleep phase, the main question of the present study was whether these light pulses were able to advance sleep timing with preservation of sleep integrity and daily performance. We tested the effects of blue morning light pulses against amber morning light pulses, which we considered to serve as a "placebo" condition.
MateriaLS and MethodS

Participants
Participants were recruited from the northern population of the Netherlands, via newspaper advertisements, posters at the faculties of the University of Groningen, and Internet advertisements. People were invited to respond to the advertisement only if they felt they were suffering from sleeping later on free days compared with workdays and if they really wanted to change this. Therefore, 2 of the selection criteria were a calculated social jetlag (Wittman et al., 2006) of more than 1 h and a calculated shorter sleep duration during workdays compared with free days (calculated from the Munich Chronotype Questionnaire; Roenneberg et al., 2003) . Other selection criteria were being healthy, between 18 and 65 years old, not suffering from sleep problems other than late sleep, not color blind or visually impaired, not consuming too many cigarettes (more than 10 per week), not consuming too many drinks with caffeine (more than 8 per day) or alcohol (more than 10 per week), not working in night shifts, not having been in other time zones in the preceding 3 months, and not being severe dysphoric or depressed (Beck Depression Inventory II rating <16; Beck et al., 1996 Beck et al., , 2002 . Female subjects were included only if they were using hormonal contraceptives. All subjects were Dutch citizens from birth and fluent in Dutch. All subjects gave written informed consent and were compensated for their participation. The experimental protocol was approved by the Medical Ethics Committee of the University Medical Center Groningen. We selected 42 participants for this study (23 women, 19 men) with a mean age of 21.4 years (SD ±6.5). For a detailed description of subject characteristics, see Table 1 . 
experimental design
All participants were quasi-randomly assigned (balancing for age, gender, chronotype) to a sleepadvancing protocol supported by either high-intensity blue light or amber light (control) with similar photopic illuminance (see the "Light Treatment" section for details). None of the subject characteristics was significantly different between groups (see Table 1 ).
The protocol consisted of 30 days in total and was completely performed at home. All participants started with 14 baseline days with no sleep instructions. This was followed by 9 intervention days with either 30-min blue light pulses or 30-min amber light pulses in the morning along with a sleep-advancing scheme. The scheme was based on the habitual sleep offset of days 4 to 10 in the baseline period and consisted of 1 h advance every 3 days. This scheme was followed by 7 posttreatment days without sleeping instructions and no use of light treatment devices (see Figure 1 ). The study was carried out from June 2011 to April 2012. Participants were evenly divided over conditions per season.
To quantify effects on the melatonin rhythm, saliva samples were taken on the evenings of days 1 and 7 (prebaseline), day 14 (baseline), day 23 (effect intervention), and day 30 (post treatment effect). Saliva collection started 5 h prior to habitual bedtime. Subjects were asked to stay in dim light (intensity at which they can just read, <10 lux), starting 1 h prior to the first sample. In addition, they were asked to wear blue light-blocking glasses (Uvex S1933X; Skyper Safety Eyewear). On days 14, 23, and 30, participants were instructed to not only collect saliva during the evening but also from habitual sleep onset until waking up (1 sample per 2 h). In addition, 3 additional samples (1 per hour) were taken after habitual sleep offset in the morning on days 14, 23, and 30. This resulted in 13 samples in total on these days. Saliva was collected with cotton swabs (Salivette, Sarstedt BV, Etten-Leur, the Netherlands). Melatonin concentration was assessed by radioimmunoassay (RK-DSM; Bühlmann Laboratories, Alere Health, Tilburg, the Netherlands). The limit of detection was 0.3 pg/mL. Intra-assay variation was 15.9% at a low melatonin concentration (mean = 2.0 pg/mL, n = 17) and 13.1% at a high melatonin concentration (mean = 24.5 pg/mL, n = 15). Interassay variation was 13.1% at low melatonin concentration (mean = 2.0 pg/mL, n = 16) and 15.0% at high melatonin concentration (mean = 21.4 pg/mL, n = 16). A bimodal skewed baseline cosine function was fitted through the individual data points of the baseline curve on day 14 (Van Someren & Nagtegaal, 2007) . The maximum value of the fitted baseline curve of each individual was set at 100%. DLMO was calculated as the moment at which the melatonin rhythm crosses the 25% value of this fitted maximum by linearly interpolating the raw values preceding and following the 25% value.
During the whole protocol, sleep was monitored with the Actiwatch Spectrum monitor (Philips Respironics Inc., Murrysville, PA). Participants completed sleep diaries including sleepiness measurements 5 and 30 min after waking up (Karolinska Sleepiness Scale [KSS]). Cognitive performance was measured with a 3-min reaction time task (psychomotor vigilance task) on a handheld minicomputer (HP Ipaq114) on the last 3 baseline days (days 12, 13, and 14), on the middle treatment days (days 19, 20, and 21), and on 3 posttreatment days (days 27, 28, and 29). Performance was measured at 4 time points during the day, namely, during the morning (30 min after wake up), at noon (1200 h), at late afternoon (1800 h), and during the evening (2300 h). Because of large differences in sleep times between free days and workdays, which is typical for this population, comparisons of sleepiness and performance between light conditions were limited to workdays only.
Participants received an instruction book with a detailed scheme regarding what they had to do on specific days. In addition, participants received text messages (or phone calls) when they needed to make appointments with the researchers (day 1, day 10, day 23, day 30), and they received a text message reminder the day before starting with light therapy (day 14).
Compliance
Before analyzing the data, we carefully checked compliance of the subjects by inspection of the light data and the actigraphy data during the treatment days. Subjects wore glasses or a hairband with a light sensor, Daysimeter (Lumen Tech Innovations, New York, NY), which measured spectral characteristics of light at the eye level. The Daysimeter employs 2 photosensors that separately measure a photopic (visual) and a short-wavelength (blue) response to optical radiation. This blue light sensor has peak sensitivity at short wavelengths (460 nm, 80 nm full-width-half-maximum bandpass), near the peak of the spectral sensitivity of the human circadian system (Rea et al., 2005 (Rea et al., , 2010 . The device also records activity (movement). These Daysimeters were used to monitor the compliance to the instructions of when to use the experimental light and were also used to measure the exposure to natural and artificial light sources during the day. A program in Matlab (Mathworks, version R2014b) was developed to detect if there were differences with respect to light intensity during the mornings of every experimental day. Compliance of the participants was checked according to the timing of light exposure with the lamps. Subjects were excluded from the database if they started the light exposure more than 30 min too early or too late on average (over the 9 treatment days). We excluded 2 participants (blue light condition) because of this criterion. In 5 of the 42 subjects, technical failures prohibited the use of the light exposure data for this purpose. In those cases, we used the actigraphy data instead, by inspecting the sleep offset times during the treatment days. We excluded subjects who did not show any activity for 3 or more days within 30 min after the time point at which they were instructed to wake up. We had to exclude 1 extra subject (amber light condition) because of this criterion. Eventually the data of 39 participants (blue n = 18, amber n = 21) have been used for analyses. A check for sleep timing compliance during the 9 treatment days revealed that subjects indeed shifted their sleep offset by 2 h in both groups: habitual sleep offset was on average 0912 h (0:59) in the blue group and 0900 h (1:18) in the amber group during days 4 to 10 at baseline. Average wake-up time over the last 3 days of the treatment period was 0708 h (SEM 0:59) in the blue group and 0706 h (SEM 1:00) in the amber group.
Light treatment
In our previous pilot study, we found that 3 optimally timed light pulses of 30-min high-intensity blue light were able to shift the melatonin rhythm for about 50 min (Geerdink et al., 2012) . Therefore, in this study, we used 30 min of light therapy, which is easy to comply within a home situation. Subjects were instructed to expose themselves to either 30 min of high-intensity blue light (Philips GoLite BLU HF3320, peak transmission at 470 nm, intensity at the cornea 2306 melanopiclux [Lucas et al., 2014] , 300 photopic lux, 3.0 W/m 2 ) at a distance of 40 cm and angle of exposure of 45°) or to control 30 min of amber light with similar photopic illuminance (adapted Philips GoLite HF3320, peak transmission at 590 nm, intensity at the cornea 70 melanopic-lux, 250 photopic lux, 0.5 W/m 2 ). Timing of the light pulse was based on the subjects' habitual sleep schedule during baseline days 4 to 10 measured by actigraphy and on the subjects' preferred timing of sleep after the treatment. The last 3 light pulses were set at the preferred sleep offset, and the timing of the light exposure was set 1 h earlier every 3 days. To get sufficient sleep, sleep timing was scheduled to shift along with the light therapy (see also Figure 1 ). On average, subjects started with the first light pulse 7.9 h (±0.6 h) after habitual sleep onset. At the end of the study, the actual timing according to DLMO on the night prior to the first light pulse could be calculated. Light was administered on average 10.4 h, 9.4 h, and 8.4 h (±1.2 h) after baseline DLMO on, respectively, the first days (days 15-17), middle days (days 18-20), and last days (days 21-23) of the treatment period (which is close to the optimal timing for phase advances, see the opening section of the article). Based on the middle 3 light pulses, light exposure timing with respect to baseline DLMO was not significantly different between the 2 groups (t 36 = 0.22, p = 0.83), namely, on average 9.5 h (±0.8 h) in the blue condition and on average 9.3 h (±0.9 h) in the amber condition.
environmental Light Measurements
Before analyzing any result, we first checked if the daily environmental lighting conditions were not significantly different between conditions. All light measurements were monitored with the Daysimeter light sensor (see the "Compliance" section for more information). This was done since not only morning light is of influence on our circadian system; it is the complete pattern of light exposure during the whole day that is responsible for phase-shifting effects (Appleman et al., 2013; Burgess, 2013b) . Especially low light levels in the evening are essential for an optimal phase advance.
Light exposure levels of the subjects in the 2 groups were compared to check for possible behavioral differences that could result in differences in light exposure other than the actual light treatment. Light levels were calculated on the treatment days during the morning (0600-1200 h), afternoon (1200-1800 h), and evening (1800-2400 h). Due to technical failures, light data of 27 subjects (13 in the blue group, 14 in the amber group) were analyzed.
Sleep analyses
During the whole protocol, sleep was monitored with the Actiwatch Spectrum monitor (Philips Respironics Inc.) and analyzed afterward with the Respironics Actiware 5 software. Objective estimates of sleep quantity and sleep integrity were defined by the following parameters: sleep onset latency (SOL), sleep duration, minutes awake after sleep onset (WASO), number of sleep bouts (as a measure for sleep consolidation), and sleep efficiency (defined as [sleep time -SOL-WASO]/sleep time × 100%). It should be noted that sleep integrity as measured with actimetry is different and never as accurate as sleep integrity measured with polysomnography (reviewed in Ancoli-Israel et al., 2003) . Especially SOL is often underestimated with actigraphy (Chae et al., 2009; O'Hare et al., 2015) . Still, as differences within individuals are compared, it is possible to evaluate the changes in relation to these sleep parameters over the different periods.
Statistical analyses
For all variables, group means (described as mean ± standard deviation) were tested against each other. For differences between conditions concerning melatonin concentrations (DLMO, area under the curve) independent sample t tests were used. Paired sample t tests were used to test the differences of the melatonin concentrations between baseline and the end of treatment and between baseline and after posttreatment per condition. If more parameters needed to be tested, like with the sleep analysis, a repeated-measures analysis of variance (ANOVA) for each parameter was used with 1 within-subjects factor for period (3 levels; baseline, treatment, posttreatment) and 1 between-subjects factor for condition. If the interaction of condition × period was significant, a simple contrasts test (equivalent to a paired sample t test) was included to the ANOVA to see which period was different from the baseline period. For the performance analysis, an extra factor for time of day (4 levels; morning, noon, afternoon, evening) was included. The significance level was defined as p = 0.05. All parameters were tested 2-tailed.
reSuLtS environmental Light Levels during the Morning, afternoon, and evening
No significant differences were found for the average photopic illuminance levels between conditions during the morning (blue group; 519 ± 324 lux/min, amber group; 548 ± 307 lux/min; t 25 = −0.25, p = 0.81), nor during the afternoon (blue group; 1664 ± 977 lux/ min, amber group; 1425 ± 872 lux/min; t 25 = 0.67, p = 0.51), nor during the evening (blue group; 96 ± 113 lux/min, amber group; 132 ± 110 lux/min; t 25 = −0.85, p = 0.40).
With respect to the blue light illuminance levels, a significant difference between conditions was found during the morning. The blue morning light exposure measured by the Daysimeters (see the "Materials and Methods" section) was found to be significantly higher in the blue light therapy group (blue group, 1485 ± 697 blue lux/min; amber group, 965 ± 539 blue lux/min; t 25 = 2.2, p < 0.05), while not significantly different between the 2 conditions during the afternoon (blue group, 3208 ± 1854 blue lux/min; amber group, 2581 ± 1626 blue lux/min; t 25 = 0.94, p = 0.36) nor during the evening (blue group, 163 ± 224 blue lux/min; amber group, 226 ± 215 blue lux/min; t 25 = −0.74, p = 0.47). This difference in blue light exposure in the morning between groups is explained by the light treatment itself.
effects on the Melatonin rhythm: dLMo
The average DLMO times on the days that the saliva samples were taken are shown in Figure 2A . Day 14 was the day before the light exposure period started and was considered as the baseline day. Although, on average, a slight delay for both groups from days 1 to 7 to 14 seems to occur (10 ± 51 min in the blue light condition and 17 ± 60 min in the amber light condition), the DLMO times on day 14 were not significantly different from day 1 and day 7 for both conditions (blue, F 1,2 = 0.18, p = 0.83; amber, F 1,2 = 1.16, p = 0.33).
Compared with day 14, a significant phase advance was observed on day 23 (after 9 days of light exposure) in both groups (Figure 2A and B) . DLMO shifted on average by 48 min (±47; t 19 = 4.56, p < 0.001) in the group that received amber light and by 84 min (±51; t 17 = 6.95, p < 0.001) in the group that received blue light. The shift in the blue light group was significantly larger than the shift in the amber light group (t 36 = 2.23, p < 0.05; Figure 2B) .
At day 30, DLMO was delayed (shifted back) in both groups compared with day 23 (Figure 2A and B; 70 min [±68] in the blue light condition, t 17 = −4.26, p < 0.01; 48 min [±37] in the amber light condition, t 19 = −6.01, p < 0.001). The DLMO shifts from day 23 to day 30 were not significantly different from each other (t 36 = −1.26, p = 0.22). DLMO at day 30 was not significantly different from baseline, neither for the blue group (t 17 = 0.90, p = 0.38) nor for the amber group (t 19 = 0.06, p = 0.95; Figure 2B ).
effects on the Melatonin rhythm: area under the Curve
The levels of the melatonin concentrations were expressed as the percentage of the fitted maximum on day 14 for each time point per individual on days 14, 23, and 30. Then the average melatonin profiles were calculated for each condition. It was not possible to estimate maxima for all participants, because some participants missed 2 samples or more at the time points at which the maximum melatonin concentration was expected. Therefore, for this analysis, 16 participants have been included in the blue light condition and 17 in the amber light condition. The average pattern of the melatonin curves for day 14 and day 23 is depicted in Figure 3A for the blue condition and in Figure 3B for the amber condition.
The average area under the curve of the melatonin pattern at night in the blue light condition was significantly higher, on average +15% (±20%) after light therapy compared with the area under the curve during the baseline night (t 15 = −2.24, p < 0.05; Figure 3A ). This was not the case for the amber light condition. There was even a trend for a decrease in the area under the curve after amber light therapy; on average −6% (±33%) lower compared with baseline (t 16 = 1.70, p = 0.10; Figure 3B ). The change in the area under the curve between day 14 and day 23 was significantly different between both conditions (t 31 = 2.74, p < 0.05). Seven days after treatment (on day 30), the areas under the curve were no longer significantly different from day 14, neither for the amber condition, on average +4% (±33%; t 16 = −0.19, p = 0.85), nor for the blue condition, on average +8% (±44%; t 15 = −0.60, p = 0.56; data not shown). There was also no significant difference between conditions for the area under the curve on day 30 (t 31 = 0.43, p = 0.67).
effects on Sleep timing
Estimates of sleep timing and integrity were calculated as the average over the first 14 days in the baseline period, over the 9 days of the treatment period, and over the 7 days in the posttreatment period. The differences between the treatment period and baseline period as well as the differences between the posttreatment period and baseline period were tested between the 2 conditions (Table 2) .
During the treatment period, sleep-onset time and wake-up time in both the blue light condition and the amber light condition significantly advanced compared with the baseline workdays period (see Table  2 ). During treatment, no significant differences between conditions in sleep time advances were found, although there was a trend for a slightly earlier sleep offset in the blue light condition (sleep onset, F 1,35 = 0.09, p = 0.76; sleep offset, F 1,35 = 3.47, p = 0.07). No differences between conditions were expected during the treatment period as the effects were mainly due to the instructions of the sleep phase-advancing protocol and the instructions on the timing of light exposure. In contrast, during the posttreatment period (wherein the participants could freely choose their sleep timing), wake-up time was significantly different between both conditions (sleep offset, F 1,35 = 9.20, p < 0.01). The average wake-up time was slightly delayed in the amber light group and was still significantly advanced in the blue light group compared with baseline (see Table 2 ).
effects on Sleep integrity
Effects on the estimates of sleep are shown in Table 2 . Sleep duration was longer for participants in the amber group during both the treatment and posttreatment period compared with the baseline period, whereas it was shorter during treatment and not different during posttreatment compared with baseline for participants in the blue group. During treatment, WASO was also 
Sleepiness Scores
Sleepiness scores, as measured with the KSS, were measured every day of the protocol, 5 min after waking up and 30 min after waking up. Compared with the first 14 baseline days, the sleepiness scores (Table 3) were not different between conditions during treatment as well as during posttreatment, neither at 5 minutes after waking up (treatment, F 1,36 = 0.06, p = 0.80; posttreatment, F 1,36 = 0.06, p = 0.81) nor at 30 min after waking up (treatment, F 1,36 = 1.46, p = 0.24; posttreatment, F 1,36 = 0.88, p = 0.57). During posttreatment, participants felt significantly less sleepy 5 min as well as 30 min after waking up in both groups compared with the same time points in the baseline period (Table 3; blue 5 min, F 1,17 = 7.93, p < 0.05; blue 30 min, F 1,17 = 8.24, p < 0.05; amber 5 min, F 1,17 = 5.19, p <0.05; amber 30 min, F 1,17 = 4.16, p < 0.05), although it should be noted that the time points at which KSS was measured during the posttreatment period were later in the amber group than in the blue group, because participants in the amber group woke up later in this period (see the "Effects on Sleep Timing" section).
The decline of the sleepiness score in the morning, which is related to the phenomenon of sleep inertia, was measured as the difference between the KSS score 30 min after waking up and the KSS score 5 min after waking up (Table 3) . Compared with baseline, participants in the blue group had a significantly larger decline in their KSS score during the treatment period (F 1,17 = 7.36, p < 0.05), while there was no significant difference with baseline for the decline in KSS in the amber group (F 1,17 = 1.98, p = 0.18). In other words, sleep inertia dissipation was larger during blue light treatment than during amber light treatment.
effects on Performance
Performance was measured by analyzing the average reaction time of a 5-min psychomotor vigilance task psychomotor vigilance task. First, the average baseline reaction times of each participant were calculated for each of the 4 time points during the day. The reaction times during treatment and posttreatment days were expressed as a percentage of the baseline reaction time. The average percentages of the reaction times for each condition are shown in Figures 4A (treatment) and 4B 
KSS baseline
Blue Amber 5 min 6.2 (1.2) 5.9 (0.8) 30 min 4.8 (1.1) 4.5 (0.8) Sleepiness decline 1.4 (0.7) 1.5 (0.7) KSS treatment 5 min 6.4 (1.5) 6.2 (1.2) 30 min 4.5 (1.2) 4.5 (0.9) Sleepiness decline 1.9 (0.7)* 1.7 (1.0) KSS posttreatment 5 min 5.7 (1.1)* 5.5 (1.2)* 30 min 4.2 (0.9)* 4.1 (0.9)* Sleepiness decline 1.6 (0.7) 1.4 (0.8) KSS = Karolinska Sleepiness Scale. *Significantly different from baseline, p < 0.05. (posttreatment). For the statistics, the raw reaction times were used. In the amber light group, daytime performance was significantly worse during both the treatment period (F 1,13 = 10.1, p < 0.01; see Figure 4A ) and during the posttreatment period (F 1,13 = 17.1, p < 0.01; see Figure 4B ) compared with baseline. During treatment in the blue light group, there was a trend that performance was worse in the afternoon (F 1,10 = 4.0, p = 0.07; see Figure 4A ) compared with the afternoon in the baseline period. During the posttreatment period, performance in the blue group was worse only in the morning (F 1,10 = 9.8, p < 0.05; see Figure 4B ) compared with performance in the morning in the baseline period.
diSCuSSion
The focus of this study was to examine the (post-) treatment effects of additional blue light (relative to amber light) therapy on top of a sleep phase-advancing protocol on both the phase of the melatonin rhythm and on sleep and daytime performance. Recent studies have found that optimally timed short pulses (30 min) of blue light during the morning are effective in phase advancing the phase of melatonin (Geerdink et al., 2012; Crowley and Eastman, 2014) . The present study examined whether such 30-min light pulses are also effective in shifting sleep with preservation of sleep integrity and performance in a home-setting light therapy study.
Phase advances of dLMo
After both the blue and the amber light therapy protocols, a significant phase advance of DLMO was observed. The observed phase advances in both groups were not unexpected. It has been found that sleep schedules alone can phase advance the melatonin rhythm (Gordijn et al., 1999; Danilenko et al., 2003; Sharkey et al., 2011) . In a home setting, earlier sleep and wake times will also automatically result in an earlier light exposure pattern, which in turn will induce a phase advance. Yet, despite all the environmental influences of a home setting in the current study, additional blue light on top of the phaseadvancing sleep protocol turned out to be more effective in advancing DLMO than additional amber light. This can be explained only by the significant difference in the amount of short blue wavelengths in the morning in the blue light protocol (2306 melanopic lux from the device and 1485 blue lux measured by the Daysimeter between 0600 h and 1200 h) compared with the amber light protocol (70 melanopic lux from the device and 965 blue lux measured by the Daysimeter between 0600 h and 1200 h), since exposure to all other white light and blue light intensities during the day were not significantly different between the 2 groups.
Melatonin Production
Not only the phase advance of the melatonin rhythm was different between the conditions, but also the total production of nighttime melatonin was found to be different the first night after treatment. In the blue light condition, the total area under the curve of the nighttime melatonin pattern was larger after treatment compared with baseline, while this was not the case in the amber light condition. The possible influence of daytime light on nighttime melatonin production has been investigated before. Melatonin concentration has been reported to be higher in summer compared with winter (Tarquini et al., 1997) . Applying 4 weeks of bright light for 4 h a day (1000-1200 h and 1400-1600 h) to Japanese elderly persons in a nursery home yielded a larger area under the curve of melatonin concentration compared with baseline (Mishima et al., 2001) . Three other studies have found a higher amplitude of the melatonin rhythm after 3 (Hashimoto et al., 1997; Park & Tokura, 1999) or 7 days (Takasu et al., 2006) with bright light exposure during the whole day. The present study is the first study that shows that even short blue light pulses of 30 min (applied for 9 days) in the morning can have an effect on melatonin production at night.
There are several processes that may explain the influence of light during the day on melatonin concentration during the night. Light has dual effects on the output of melatonin. It regulates the phase of melatonin by resetting the SCN (Khalsa et al., 2003; Rüger et al., 2006) , and light suppresses melatonin concentrations when it is produced (Lewy et al., 1980; Zeitzer et al., 2000) , probably via inhibition of the activity of the B-adrenergic receptors (Cagnacci et al., 1992) . Therefore, the melatonin production could have been increased by 2 processes: either by an increase in the synchronization of single-cell firings in the SCN (Meijer et al., 1998 , Masubuchi et al., 1999 Harb et al., 2014) , and therefore in the amplitude of the underlying circadian oscillation, or by an increase in the sensitivity of the pineal gland to light signals, which may result in an upregulation of the B-adrenergic receptors.
Sleep timing
Even though a phase advance of the circadian system is important in a successful phase-advancing treatment, the primary result of a therapy aiming at advancing sleep should be the effect on sleep timing.
In this study, during the sleep phase-advancing protocol and light treatment, no significant differences were found in sleep timing between the 2 groups. This was expected as the participants got clear instructions about their sleep timing. It also means that differences between groups on other parameters can be attributed only to the additional blue light exposure and not to sleep timing differences per se. Despite the fact that the DLMO returned to baseline values at the last day of the protocol posttreatment, participants in the blue light therapy group still woke up about 30 min earlier compared with participants in the amber light group during the posttreatment period. It has been shown before that voluntary sleep timing can be advanced by morning light therapy (Corbett et al., 2012) . However, in that study, voluntary sleep timing was measured during the treatment period only and not after treatment. Another difference between that study and our study was that the treatment period was much longer (3 months). A recent study of Saxvig et al. (2014) tested the followup effects after 3 months of continuous use of bright light and melatonin capsules, which resulted in earlier voluntary sleep times for the group that continued treatment. Still, a follow-up with continuous light therapy is different than measuring posttreatment effects directly. To our knowledge, this is the first study that shows that short blue light pulses in the morning can have a posttreatment effect on sleep timing during 1 week.
Sleep integrity
Low daytime light levels are correlated with poor sleep quality scores (Leger et al., 2011; Boubekri et al., 2014) , whereas increased light levels during the day are correlated with an improvement of sleep quality (Viola et al., 2008; Paul et al., 2015) . It should be noted that most of these studies included only subjective sleep quality scores and that studies were either only correlational or, in case of an experimental setup, light intensity during the day was increased without paying attention to its timing. Because of these limitations, it is hard to say what the mechanisms behind these results were. In the present study, also different effects between the 2 light therapy groups considering sleep quantity and sleep integrity (measured with actigraphy) were found. During treatment, WASO and the number of sleep bouts were significantly increased and sleep efficiency was significantly decreased for participants in the amber group compared with baseline whereas they were not different in participants of the blue group. At the same time, sleep duration was increased in the amber group and not in the blue group. We speculate that the longer sleep duration in the amber group is a consequence of the increased sleep fragmentation and that the increased sleep fragmentation resulted from the induced mismatch between sleep timing and melatonin secretion: both groups were given the instructions to sleep 2 h earlier by the end of the treatment period, while the DLMO of the blue and amber group shifted for 84 and 48 min, respectively. In a study by Lazar and colleagues (2013) , it was found that if the phase angle between the DLMO and habitual sleep onset is shorter, people have a higher insomnia score. In the present study, higher concentrations of melatonin were reached later in the amber group compared with the blue group, and the phase angle between DLMO and sleep was shorter.
Another explanation, which is more speculative, for more sleep fragmentation in the amber group may be found in the effects of the intensity and color of light on sleep homeostasis itself through the melanopsin pathway. This effect has not been extensively studied and actually only in mice. Nevertheless, the results that have been found are clear. If mice are lacking the OPN4 gene, which is responsible for the expression of melanopsin, the homeostatic sleep pressure is much lower and sleep is more fragmented, while the circadian rhythm is still present (Altimus et al., 2008; Tsai et al., 2009) . Because the melanopsin photopigment is responsive to short-wavelength light, participants in the amber light group had less and participants in the blue group had more melanopsin stimulation, which may have resulted in the observed difference in sleep consolidation.
Sleepiness and Performance
Blue light was more efficient in decreasing sleep inertia after waking up than amber light was. It is known that blue-enriched light is efficient in keeping humans alert (Hommes & Giménez, 2015) , especially during the night when sleepiness scores are high (Lockley et al., 2006; Rüger et al., 2006; Phipps-Nelson et al., 2009; Chellappa et al., 2011; Rahman et al., 2014) . Because the effect is strongest at high sleepiness scores, one would expect that the effectiveness of blue light during the day would be highest directly after waking up. The results of the present study are indeed in line with this theory. They are also consistent with an earlier study of Revell and colleagues (2006) , wherein they used light of different wavelengths and found that the alerting effect of light with 470 nm (blue light) is strongest directly after waking up.
In contrast, previous studies found no clear effects of blue light during the morning on performance tasks. A study by Santhi et al. (2013) found no improvement of reaction times with various blue light conditions directly after waking up during the first hours of the light pulse. They only found a faster reaction time after 4 h in the condition that contained the highest blue light intensity. Gabel et al. (2013) used 20 min of similar blue light in the morning and found no daily improvement of performance at all. It should be noted that in these studies, the light exposure either started very early or started 2 h after wake up and after sleep restriction (Gabel et al., 2013) . In the present study, we also did not find improved performance in the morning under blue light exposure, even though the sleepiness scores were lower. Still, in the blue light group, morning performance did also not significantly worsen during treatment, even though the subjects had to wake up 2 h earlier than during the baseline period. In the amber light group, performance was worsened during the whole day in the treatment as well as in the posttreatment period. This decrease in performance may be linked to a decrease in sleep integrity, as poor sleep integrity can decrease performance during the day (Bonnet, 1989 , Miyata et al., 2013 . It may also be linked to the change in the phase of melatonin in relation to sleep timing (Burgess et al., 2013a; Sletten et al., 2015) . It was expected that a possible decrease in performance, if present, would have been largest during the postlunch dip (reviewed in Carrier and Monk, 2000) . While the amber group had a worsened performance during the whole day, the blue group showed a trend for a worsened performance only in the late afternoon during the treatment period. This may be attributed to the postlunch dip. The postlunch dip is dependent on an interaction between the duration of prior waking and the circadian clock (Bes et al., 2009) . In this study, both of these components are changed.
Performance was significantly worse in the morning in the posttreatment period, also for the blue light group. This may be explained by the changed phase angle between the melatonin rhythm and sleep phase after light therapy. The participants in the blue group still woke up earlier compared with baseline, while the timing of their melatonin rhythm was shifted back to the timing during the baseline period. This especially may have had consequences for performance in the morning, as the participants woke up too early in relation to their internal clock.
ConCLuSion
The results of this placebo-controlled home study support the conclusion that blue light therapy was able to support a sleep phase advancing protocol by increasing the shift in the melatonin rhythm and posttreatment sleep phase with (to a large extent) preservation of sleep integrity and performance. After treatment, the phase advance of the melatonin rhythm shifted back to the original values, while sleep timing was still advanced after the use of blue light therapy. This confirms that blue light therapy was supportive in shifting the sleep phase more than amber light was. Whether the discrepancy between the melatonin rhythm and sleep phase after light therapy is desirable is the question, as performance was worse during the morning after treatment in the blue light therapy group. To investigate if performance can be stabilized and if the effects on sleep are long-lasting, more research should be done on longer (blue) light therapy protocols with voluntary sleep timing. Also the effect of light on sleep homeostasis in humans has to be investigated to acquire more knowledge on optimizing light therapy protocols.
aCknowLedGMentS
The work at the University of Groningen was financially supported by an unrestricted research grant of Philips Consumer Lifestyle B.V. Drachten, the Netherlands, developed by the legal authorities of both parties. The scientific advisor of the sponsor and coauthor of this paper, Dr. V. Hommes, had no other input in the project, or in the analysis and writing of the manuscript, as is expected from a scientific coauthor. The whole responsibility of the analyses and the article lies with the researchers of the University of Groningen. 
